I. INTRODUCTION
Submarine landslides with mass volume of 1 km 3 or more can potentially generate very destructive tsunamis that can cause extensive damage to seafloor infrastructure. Once in motion, the submarine slide mass can entrain ambient seawater and substrates to form longer and larger runout sediment flows, known as turbidity currents. These turbidity currents can travel hundreds of kilometers and can attain speeds of up to 20 m/s. Submarine landslides, debris flows and associated turbidity currents may pose significant geo-hazards. Research based upon analysis of the most complete compilation of 41 large (1 km 3 or more) submarine landslide in the last 30 thousand years suggests that these hazardous events are temporally random [1] , perhaps Manuscript received January 9, 2016; revised April 7, 2016 . This work was supported by the Ministry of Science, Technology and Innovation under Grant #305/PMATHS/613418.
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unrelated to sea level changes [2] . Submarine mass failure (SMF) can generate tsunami with amplitude that far exceeds that generated by co-seismic uplift of seafloor. The initial height of the water displaced by a SMF is highly dependent on the speed at which the mass moves across the sea floor. Fast moving slides are known to produce greater tsunami. The energy of the rapidly sliding mass is transferred to the water at a rate faster than what can be absorbed by the water. Hence, larger volume of water is displaced. Very slow moving slides produce little or no tsunamis. However, where slides move at velocities close or equal to that of the tsunami being generated, they develop in phase, building the waves up to exceptional size.
Tsunamis generated by SMF, or submarine landslides, is a potential major coastal hazards even for moderate earthquakes that occur in or near the coast [3] . Large SMFs are often triggered on the continental slope, as such a landslide's vertical downward displacement may reach several thousand meters. The large potential energy is then transferred to large kinetic energy, generating large tsunamis that leave little time for preparation and or evacuation since the tsunami occurs near the coastal region. For example, in 1946, a magnitude M W 7.1 earthquake triggered a giant (≈ 200 km 3 ) submarine landslide along the Aleutian Trench, generating the Unimak, Alaska tsunami [4] . The landslide mass was located within the shallow continental shelf in 150 m water depth, and the landslide mass moved down at a 4° slope to the 4000 m deep Aleutian Trench. Recorded run-up height for this tsunami event reached 35 m above mean sea level at Scotch Cap lighthouse [5] . In this paper, we highlight and assess the tsunami threat along the coast of East Malaysia (Sabah and Sarawak) due to a potential offshore submarine landslide. A past giant landslide seabed debris, known as the Brunei Slide was discovered off the coast of Brunei, suggesting that giant landslide is a recurrent process at that site. The seabed debris has a volume of 1267 km 3 with an area of 5280 km 2 and a thickness of 240 m. It extends for over 120 km from the Baram Canyon in 200 m water to the deep basin floor of North West Borneo Trough (NWBT), as displayed in Fig. 1 . This landslide is an example of a major submarine landslide located on a steep, tectonically active margin adjacent to a large river and canyon system [6] .
II. CHARACTERISTICS AND HISTORY OF LANDSLIDE TSUNAMI
When a mass slides down a slope, the potential energy of the mass is converted to kinetic energy, travelling forward in the direction of the slide. This pushes the water up in the sliding direction. The water being pushed away creates a ‗void or vacuum' (negative water level), resulting in the water behind being drawn downward. Therefore, two main waves can be generated during the landslide downward motion onto the seabed. One consists of an elevation wave crest, propagating in the direction of the slide, with speed faster than that of the sliding mass motion. The second wave is a depression wave trough, which is tied to the sliding mass motion, propagating with a slower speed. The sliding mass density and slope steepness are the dominant parameters controlling the dynamics of the slide motion and the associated tsunami waves. The landslide with higher slide density or steeper slope moves faster downslope and generate larger tsunami waves due to the higher kinetic energy. There are two different approaches used for landslide tsunami model formulation regarding the sliding mass characteristics: rigid slide or deformable slide, with significantly different kinematics. For the waves generated by rigid landslide (used in this paper), the wave energy is mostly concentrated on a narrow band of the dominant slide direction. As the rigid landslide continuously accelerates downwards, it can generate very large waves eventually, depending on the slope steepness and distance travelled. This implies that the rigid landslide may create worse scenario for tsunami hazard assessment than that created by deformable landslide. For the waves generated by the deformable landslide, directional spreading is more significant. The waves generated by deformable landslide reach their maximum values earlier than those generated by rigid landslide. At the early stage of the landslide, the deformable landslide achieves higher speed and higher acceleration, resulting in larger surface waves [7] .
For the 2011 Tohoku tsunami that killed 20, 000 people, published models of tsunami propagation and coastal run-up under-predict the observed run-up heights measuring up to 40 m along the coast of the Sanriku district in the northeast part of Honshu Island. Grilli et al. [8] could not match this largest runup height measured along Sanriku coast between 39.5 and 40.25N -even using the new co-seismic tsunami sources. Simulations performed by MacInnes et al. [9] using ten earthquake sources produced runup heights within 20 % difference from those measured. However, they were unable to match the runup height measured at north of 39N. The existence of an additional tsunami generation mechanism is suspected to be the cause of this mismatch. While the primary source of the tsunami was the vertical displacement of the seafloor lifted up by the earthquake, an additional tsunami source is also required to account for the unusually high and concentrated waves. The most likely additional tsunami source was a SMF, i.e. a submarine landslide. A slope stability analysis reveals that the horizontal acceleration from the earthquake itself was sufficient large to trigger an SMF. The conclusion that a significant part of the 2011 Tohoku tsunami was generated by an SMF source has important implications for assessment of tsunami hazards in the Tohoku region as well as in other tectonically similar regions. The highly destructive tsunami that devastated the Pacific coast of the Tohoku region located between 35°-43° may strike again. No earthquake-generated tsunami models can satisfactorily reproduce the much elevated tsunami run-ups and extensive inundations measured along the central Sanriku coast. More importantly, inundation distances and run-up elevations along the northern most Sanriku coast are characteristic of an SMF-generated tsunami, because they are more directionally focused than would be expected for an earthquake-only source. Along the central Sanriku coast, the tsunami run-ups and inundations generated by the dual source (earthquake-tsunami plus SMF-tsunami) can reproduce the field observations quite well, whereas the earthquake-seismic source alone severely under-predicts the field observations [10] . This suggests a major, and insufficiently appreciated, tsunami hazard from SMF in this region, as well as in other tectonically similar regions. The need for new approaches to hazard estimation, the uncertainties regarding the past events, and the possibility of SMF-generated secondary tsunamis are challenges that must be addressed in future studies [10] .
In a study to assess tsunami hazard in the U.S. East Coast using relationships between submarine landslides and earthquakes, Brink et al. [11] concluded that the calculated areas of slope failure at some locations are sufficiently large for earthquakes with magnitude greater than M w 5.5 to cause a devastating tsunami if the epicenter is optimally located at the base of the upper slope and if the entire area indeed fails. They also suggest that the minimum landslide size that can cause a devastating tsunami can be estimated from tsunami run-up models for selected landslides of different sizes. This information can help in the design of infrastructure facilities to withstand the effects of tsunamis. A successful implementation of this approach may require improvement in the seismic monitoring of continental margins.
The March 13th 1888 lateral collapse of the Ritter Island of Papua New Guinea into the ocean is the largest volcano lateral collapse recorded. The collapse around 6:00 am removed most of the island. This collapse of the volcano was preceded by explosions accompanied by earthquakes. A volume of 4.2 km 3 of mass slided down during the initial collapse, yielding a total volume of 6.4 km 3 in the distal debris flow and turbidity deposits, highlighted the efficiency of substrate erosion during the later stage of the landslide movement under the sea [12] . It produced a large, regionally destructive tsunami that was witnessed by literate observers who timed the waves with watches and provided detailed accounts. That data has been the key to modelling the generation of the tsunami by the landslide and its subsequent propagation [13] . Understanding how submarine landslides from volcano collapses generate these tsunamis is important towards the development of tsunami resilience capability.
The HySEA landslide-tsunami model is used to simulate submarine landslide, tsunami generation, its propagation and the final run-up/inundation of the shoreline in a single coupled model [14] . One of the distinguishing features of the HySEA model is that both the dynamics of the sedimentary fluidized materials and the upper seawater layer are coupled and that each of these two phases influences the other instantly and both are computed simultaneously. The total volume displaced is around 1 km 3 on a slope of 1000 m for the Alboran Sea Basin (SAB) landslide-tsunami. The magnitude of the initial wave at the generation point is significant, reaching about 14 m crust elevation and about 25 m of trough depression for this 1 km 3 slide [14] , suggesting the immense destructive capacity of landslide tsunamis.
III. TUNA-LS SIMULATION MODEL
There are a variety of landslide tsunami simulation models, with varying levels of mathematical details. Preliminary landslide-tsunami hazard assessment is commonly based on empirical equations derived from wave channel (2D) or wave basin (3D) experiments. The empirical equations developed from -generic‖ model studies prove to be popular in simulating landslide tsunamis. These generic model studies systematically vary critical parameters such as slide properties, slope angle and length, basin geometry, and water depth [15] . Volume of the mass, initial acceleration, and maximum velocity together determine the characteristics of the initial tsunami generated. In this section, we present a submarine-landslide tsunami generation empirical model, codenamed TUNA-LS, to characterize the initial tsunami at the source of generation triggered by the Brunei Slide. The SMF is modeled as a rigid body moving along a planar slope with center of mass motion s(t) parallel to the planar slope and subject to external forces from added mass, gravity, and dissipation [16] , [17] . The SMF geometry is idealized as a mound with elliptical cross-section translating along the planar slope with angle θ from the horizontal, as displayed in Fig. 2 . The mound has a maximum thickness T in the center, a total length b along the planar slope axis, a total width w along the cross-section axis, and an initial submergence d at the center. We assume a specific density γ  1.85, a negligible Coulomb friction coefficient C n  0, an added mass coefficient C m  1, and a drag coefficient C d  1. Then s(t) can be described using (1) [18] . Here, a 0 is the initial acceleration (m/s 2 ), u t is the theoretical terminal velocity (m/s), s 0 denotes a characteristic distance of motion (m), t 0 denotes a characteristics time of motion (s), and g is the gravitational acceleration (m/s 2 ). Tsunami generation due to SMF has been modeled in two or three dimension using (1), in which these tsunami generation models are based on fully nonlinear potential flow equations solved with a Boundary Element Method (BEM), and have been independently validated both numerically and experimentally [19] , [20] . However, such simulations are computationally expensive, particularly in three dimensions. Hence, this complex approach is rarely used in preliminary assessment of landslide tsunami hazards. For preliminary assessment, another popular approach is used to compute all initial tsunami features, such as wavelength λ 0 and amplitude η, as a function of a range of parameter values, and to express the initial features in the form of empirical relationships, as shown in (2) and (3) [21], [22] . These relationships can then be used to predict the tsunami source characteristics. This approach is commonly employed in several tsunami models, such as TUNA-LS (used in this study), GEOWAVE, and COMCOT. The results of TUNA-LS are similar to these models, since they use the same empirical formulations. 
Here, λ 0 is the characteristic wavelength and η is the characteristic wave amplitude. To obtain a two-dimensional tsunami source, the free surface shape of the tsunami waves in the y-direction (direction of slide) can be assumed to be a solitary-like wave form and a double Gaussian function may be used in the x-direction (direction perpendicular to slide) , centered at initial tsunami wave heights at the location (x 0 ,y 0 ) [22] , as shown in (4). 
IV. TUNA-LS SIMULATION RESULTS
In this paper, we consider two scenarios of simulation, with 2° and 4° slopes. Table I summarizes the Brunei Slide parameters for (1) to compute the initial slide motions and initial tsunami characteristics at the source of generation displayed in Table II . The two-dimensional initial tsunamis generated by the Brunei Slide are presented in Fig. 3 . Based on (1b), a steeper slope angle θ will yield a higher initial acceleration a 0 . Therefore, the higher a 0 obtained with a steeper 4° slope is two times that from a milder 2° slope. In addition, based on (1e), a higher a 0 yields a smaller characteristics time of motion t 0 , due to the higher velocity of the sliding motion. The steeper 4° slope scenario has a maximum initial velocity of 1.96 m/s, compared to a smaller maximum initial velocity of 0.66 m/s for the scenario with a milder 2° slope. Following (2), λ 0 is proportional to t 0 . Thus, the steeper 4° slope scenario yields a wave with a smaller wavelength but with higher amplitude waves than those generated in the milder 2° slope scenario (Fig. 3(c) ). The center of Brunei Slide is initially located at latitude of 5.85° and longitude of 113.61° [6] . It then slides downwards to the seafloor in the direction of northeast for a distance of about 211 km. This submarine landslide motion then creates an N-wave, moving in the northeast direction (the direction of slide). The elevation N-wave has a velocity field pointing in the northeast direction, parallel to the sliding direction.
As observed in Fig. 3(c) , the wave heights of the N-wave generated by the steeper 4° slope is 3 times those generated by the milder 2° slope. This is because the SMF moves faster in a steeper slope. The higher kinetic energy creates greater energy to push much more water column forward. This results in higher crests and correspondingly deeper troughs. Simulation results by TUNA-LS as illustrated in Fig. 3 are used as the initial source waves for the tsunami propagation simulation model TUNA-M2.
V. TUNA-M2 SIMULATION MODEL
The long-wave nonlinear shallow water equation approach is a good approximation for earthquake-generated submarine tsunamis. For landslide-generated tsunamis, this same approach can be used too, producing good results, as demonstrated in the study of the Lituya Bay Mega-Tsunami due to an aerial landslide-generated tsunami [23] . We adopt the same approach in this study. The initial surface water displacement and velocity generated by TUNA-LS are used as input for the model TUNA-M2 to simulate the subsequent propagation of the waves. Wave arrival times and wave heights are recorded during the simulations for assessment and discussion. TUNA-M2 is an in-house tsunami propagation model that employs a finite difference method to solve nonlinear shallow water equations (NSWE), as shown in (5) . Details regarding the mathematical formulation and algorithm for TUNA-M2 are available elsewhere [24] - [26] .
Here, η (m) is the water surface displacement measured from mean sea level, d (m) is the water depth, H (m) = η + d is the total water depth, U (m 2 /s) and V (m 2 /s) are the discharge fluxes in x-and y-directions, g (m/s 2 ) is the gravitational acceleration, and n (s/m 1/3 ) is the Manning friction coefficient.
VI. TUNA-M2 SIMULATION RESULTS
To set up the simulation, we choose a square computational domain of 756 km × 756 km with a grid size of 900 m in both x-and y-directions with the corresponding computational time step of 1.0 s to ensure numerical stability. Computed tsunami wave heights are then recorded at ten offshore locations situated at 50 m water depth. Fig. 4 displays the TUNA-M2 simulation snapshots at intervals of 10 minutes for the scenario with a 4° slope, while Fig. 5 displays the time series of wave heights at the ten selected offshore observation points A to J as shown in Fig. 3 .
As observed in Fig. 4(a) , the initial tsunami waves propagate in two distinct directions. The primary dominant paths of tsunami propagation follow the sliding direction i.e. due northeast. The secondary less dominant waves propagate in the direction perpendicular to the sliding direction, i.e. due southeast and northwest. These secondary less dominant, leading depression waves travel towards B, C, D, E, and F located between Sabah and Brunei. On the other hand, the secondary less dominant, leading-elevation waves travel towards A, H, and J (A is Kudat, located northwest of the northernmost tip of Sabah; H is Pulau Banggi, located north of the northernmost tip of Sabah; J is Palawan, located at the edge of the dominant leading-elevation wave travelling in the direction of northeast). Hence B, C, D, E, and F receive leading-depression waves, while A, H, and J receive leading-elevation waves. Since Palawan is closest to the dominant leading-elevation wave than the rest of the ten locations, Palawan (J) has the highest wave height of 22.3 m, followed by Pulau Banggi (H), which receives wave with 19.2 m maximum height. We provide a brief observation to provide insights to the data in Fig. 5 . The observation point A, located near the northern part of Sabah, is closer to the elevation tsunami source than it is to the depression source. Hence the leading-elevation wave, rather than the leading-depression wave, propagates through A first. As observed earlier, observation points B, C, and D (located along the western coast of Sabah north of Brunei) receive a succession of two leading-depression N-waves propagating through them. This happens because the second leading-depression N-wave quickly catch up the first leading-depression N-wave as the first enters the shallower water depth region and is hence slowed down. At t = 10 mins both waves have yet to arrive at any one of the ten observation points. The first leading elevation wave begins to arrive at around t = 20 mins at Palawan. At t = 20 mins, the first leading-elevation waves arrive at the dryland of Palawan and continue to propagate towards the islands between southern Palawan and northern Sabah, while the first leading-depression waves continue their propagation towards western Sabah, Brunei, and Sarawak. At t = 30 mins, the propagation of the first leading-depression wave is slowed down as it begins to enter shallower water region. At t = 40 mins, the second leading-depression waves quickly catch up with the first leading-depression waves, closing their distances between them. At t = 50 mins, the first leading-depression waves begin to approach the offshore of Brunei and Sarawak, while the first leading-elevation waves travelling between southern Palawan and northern Sabah have propagated through the islands between them. At t = 60 mins, the first leading elevation waves do not propagate towards eastern Sabah, because the seas between Palawan and Sabah provide a channel to allow the waves to propagate through in the northeast direction. Table III summarizes the first leading-elevation wave arrival times and maximum wave heights for observation points A, H, and J. Table IV summarizes the first leading-depression wave arrival times and maximum wave heights for observation points B, C, D, E, F, G, and I. Fig. 6 displays the maximum elevation for the first 2.5 hours of propagation. The location of point A deserves additional attention. We have chosen the observation point A to demonstrate an apparent anomaly in the vast difference between the maximum wave height induced by a milder 2 slope as compared to one induced by a higher 4 slope At the observation point A, the simulated peak wave height is 1.6 m for Scenario 1 with a milder 2 slope and 11.2 m for Scenario 2 (which is 7 times that for Scenario 1) with a steeper 4 slope (2 times as steep as a 2slope). It would have been expected that the peak wave for scenario 2 should be about 2 times that for scenario 1, instead of 7 times. This apparent discrepancy is due to the special location of point A (at the border between the elevation source wave and depression source wave), as explained as follows. For Scenario 1, the wave propagating towards the observation point A is a leading-depression wave; while for Scenario 2, the propagating wave becomes a leading-elevation wave. The stronger motion in Scenario 2 induced by a steeper slope of 4 pushes the tsunami elevation waves further in the northeast direction, thus closer to point A (Fig. 3(b) ). The weaker motion in Scenario 1 induced by a milder slope of 2 results in the depression waves closer to point A (Fig. 3(a) ). The combination of leading-depression waves created at point A under Scenario 1 is characterized by a drawdown of water followed by an advancing positive wave. The secondary leading elevation wave arriving at the observation point A for Scenario 2 is created by the primary dominant leading elevation waves propagating in the northeast direction, generated by the landslide. From Fig. 3(a) for Scenario 1, it can be seen that the observation point A is located at the border in between the initial positive and initial negative waves generated by the sliding of the mass. This results in a weaker tsunami waves as the opposing positive-negative wave forms tend to neutralize each other. From Fig. 3(b) for Scenario 2, the observation point A is located closer to the primary dominant elevation wave, and hence receives higher tsunami wave heights.
VII. DISCUSSION
This study has simulated the generation and propagation of a potentially giant submarine landslide tsunami in the NWBT. Numerical simulations by TUNA-LS coupled with TUNA-M2 show that the maximum off shore wave heights may reach 20 m for Western Sabah with estimated arrival time of about one hour. Meanwhile, off shore of northeast Sarawak and Brunei may receive maximum tsunami heights up to 15 m, within one and a half hours. Previous run-up simulations performed for Penang and Langkawi indicate that the run-up heights have an amplification factor of 3 or more over the offshore heights [26] , [27] . This implies that run-up wave heights along the affected beaches may reach or exceed 45 m to 60 m. A general observation based upon past tsunami events worldwide indicate that run-up heights exceeding the threshold level of 3 m can post severe danger to properties and human lives. Given that the arrival time is short (one to one and a half hour), and given a potential run-up wave heights of the order of 45 m to 60 m (15 to 20 times of 3 m threshold level), the local coastal communities are indeed potentially exposed to high risks should this landslide tsunami occur. This level of extreme risks is indeed unthinkable and unacceptable. Much work needs to be performed towards developing an effective tsunami hazard mitigation program for Sabah (and Sarawak) in order to reduce the exposure. This is a challenging task.
